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Summary

In a cooperative effort with the U.S. manufactur-
ers of large transport aircraft, NASA has undertaken
an extensive experimental program to systematically
study advanced-technology airfoils over a wide range
of Reynolds numbers. This program, referred to as
the Advanced Technology Airfoil Tests (ATAT) pro-
gram, was conducted in the Langley 0.3-Meter Tran-
sonic Cryogenic Tunnel. As part of the program,
Boeing had constructed a 12-percent-thick airfoil
model with a nominal design lift coefficient of 0.65.
The test Mach number was varied from about 0.50
to 0.78, and the Reynolds number (based on airfoil
chord) was varied from 4.4 X 108 to 42.0 x 105. As
was expected from pre-test analysis, increasing Mach
number while maintaining constant Reynolds num-
ber yielded an increase in normal-force slopes and
nose-down pitching-moment and a decrease in max-
imum normal-force coefficient. However, increasing
Reynolds number while maintaining constant Mach

number resulted in increased normal-force and nose-

down pitching-moment coefficient and generally de-
creased drag coefficient.

Introduction

Interest in energy-efficient transport aircraft for
the subsonic-transonic flight regime has stimulated
the research of advanced-technology airfoils. The-
oretical and experimental studies have shown that
significant performance gains and increased fuel ef-
ficiency can be realized by the application of such
airfoils (ref. 1). The National Aeronautics and Space
Administration (NASA), Langley Research Center,
undertook an airfoil test program over a wide range
of Reynolds numbers in the Langley 0.3-Meter Tran-
sonic Cryogenic Tunnel (0.3-m TCT). This program,
referred to as the Advanced Technology Airfoil Tests
(ATAT) program (ref. 2), was initiated by the Air-
craft Energy Efficiency Project Office (ACEE) at
Langley.

A significant portion of the ATAT program was
conducted in cooperation with three major U.S. man-
ufacturers of large commercial transport aircraft;
these manufacturers supplied technical personnel and
airfoil models. The overall objectives of the ATAT
program were: (1) to provide the U.S. transport
aircraft companies the opportunity to test their ad-
vanced airfoils at flight Reynolds numbers and com-
pare the performance of their advanced airfoils with
the performance of the latest NASA designs; (2) to
provide industry with experience in cryogenic wind-
tunnel model design and testing techniques; (3) to ex-
pand the high Reynolds number airfoil data base; and
(4) to evaluate advanced airfoil technology in general.

Consistent with these overall objectives, the industry
participants were encouraged to explore innovative
airfoil designs which might not produce an optimum
level of performance; therefore, care should be ex-
ercised in drawing conclusions regarding the overall

levels of technology of the various participants from

direct comparisons of their aerodynamic data.

The data presented in this report are from the
second of two airfoil studies conducted with Boeing
Commercial Airplanes (Boeing). The results from
the first study, for a 10-percent-thick airfoil, were
documented in reference 3. The present airfoil, des-
ignated as TR77, was designed with 12-percent max-
imum thickness and a nominal design section lift
coefficient of 0.65. The test Mach number was
varied from 0.50 to 0.78, and the Reynolds number
(based on airfoil chord) was varied from 4.4 x 108
to 42.0 x 10%. The selected test conditions en-
compassed the flight conditions envisioned for this
particular airfoil design. The aerodynamic results
presented include sectional normal-force and pitching-
moment data obtained by integrating airfoil surface
pressures and drag data obtained by integrating wake
measurements. Details regarding model design, fab-
rication techniques, and operational experience are
included herein.

Symbols

AOA angle of attack

b span, in.

Cp pressure coefficient, —’ﬂ—;w—pf’i

c chord, in.

cq section drag coefficient

€ section lift coefficient

Crn section pitching-moment coefficient
about quarter chord

Ocm/Ocn,  stability parameter at constant
section normal-fqrce coefficient

Cn section normal-force coefficient

Cna slope of section normal-force coeffi-
cient versus angle of attack

LNy liquid nitrogen

M Mach number

M, tunne! Mach number when airfoil
pressures measured at first rake step

M, average tunnel Mach number for a

full rake traverse



n/d performance factor (ratio of section
normal force to drag)

(60 gaseous oxygen

Pt. data point number

p static pressure, psi

Dt tunnel stagnation pressure, atm

R Reynolds number, based on airfoil
chord length

q dynamic pressure, psi

Ti tunnel stagnation temperature, K

X, Y tunnel coordinate axes; X positive
downstream, Y positive toward
right side -

T chordwise distance from leading

edge of airfoil, in.

Y spanwise distance from model
centerline, in.

z vertical distance, in.
e angle of attack, deg
A deviation from design airfoil dimen-
sions, in.
o estimate of standard deviation
Subscripts:
amb ambient
“atm Vatrmosphere
d design
dd conditions at drag divergence,
Jcyg/OMoe = 0.10
l ' local
max maximum
min minimum
te trailing edge
00 free-stream condition

Test Facility
Wind Tunnel

The test was conducted in the Langley 0.3-m
TCT with a (8- by 24-in.) two-dimensional insert. A
photograph of the tunnel is shown in figure 1(a) and
a schematic showing some physical characteristics of
the tunnel is shown in figure 1(b). A photograph of
the two-dimensional insert installed in the tunnel is
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shown in figure 2. In the photograph, the plenum lid
and test-section ceiling have been removed, and the
removable turntable-support module is shown in the
test position.

The tunnel is a continuous-flow transonic tunnel
which uses nitrogen gas as the test medium. It is
capable of operating at temperatures varying from
about -316°F to about 129°F and stagnation pres-
sures ranging from slightly greater than 1.0 atm to
6.0 atm. The ability to operate at 6-atm pressure
and cryogenic temperatures provides an extremely
high Reynolds number test capability at relatively
low model loadings. The 0.3-m TCT operating en-
velope, shown in figure 3, indicates the tunnel ca-
pability for simulating flight conditions of aircrafts
ranging from general aviation to transport-cargo. In
addition to the high Reynolds number capability, the
ability to vary pressure and temperature over a wide

“range independent of Mach number permits individ-

ual control and assessment of Reynolds number and
aeroelastic effects of the test model. Additional fea-
tures regarding the cryogenic wind-tunnel testing in
general and the 0.3-m TCT in particular are pre-
sented in references 4 and 5, respectively.

Instrumentation

A brief discussion of the primary instrumentation
and a typical data-point measurement procedure are
presented in this section. A more detailed discussion
of the instrumentation and measurement procedures
of the 0.3-m TCT is documented in reference 6.

Airfoil pressure measurements. Static pres-
sures over the airfoil surface were measured by in-
dividual pressure transducers with an accuracy of
+0.25 percent of the reading from -25 percent to
100 percent of full scale. The transducers, located
outside the test section, were mounted on thermo-
statically controlled heater bases to maintain a con-
stant temperature and on “shock” mounts to reduce
vibrational effects. The electrical outputs from the
transducers were connected to individual signal con-
ditioners located in the tunnel control room. These
signal conditioners had autoranging capability and
had seven ranges available. As a result of this ca-
pability, the analog electrical output to the data-
acquisition system was kept at a high level, even
when a pressure transducer was operating at the low
end of its range.

Airfoil wake-préssure measurements. A
vertically traversing probe system (wake rake), lo-
cated just downstream of the airfoil model (figs. 2
and 4), provided six total-pressure measurements



across the span of the tunnel ranging from y/b/2 =
0.25 to —0.75. The spanwise measurements provided
a means of evaluating the uniformity of the flow
across the model span. This probe system moved
through the model wake in steps and had a maxi-
mum vertical traversing range of 10 in. It can be
either computer-driven or manually operated to map
model wake size. The maximum number of steps
in one traverse is 99. The vertical centerline of the
probe support can be located either at tunnel station
10.2 in. or at tunnel station 12.2 in. (fig. 4). For this
test, the probe support was located at the 10.2-in.
station, which was about 1.2 chord lengths down-
stream of the model trailing edge. Total-pressure
measurements at the probe and static-pressure mea-
surements on the sidewall of the test section in the

plane of the probes were used to calculate the air-

foil drag coefficients based on the method outlined in
reference 7.

Angle-of-attack system. The two-dimensional
insert with its computer-controlled angle-of-attack
system is shown in schematic form in figure 4. The
system has a traversing range of £20° that can be off-
set from 0° in either direction at model installation.
Angle of attack is driven by an electric stepper motor
that is connected through a yoke to the perimeter of
the mounting turntables on both sides of the model.
This arrangement provides parallel driving of the two
ends of the model through the angle-of-attack range
without model twisting. This system can also be op-
erated manually.

Typical data-point measurement procedure.
At the beginning of a data-taking cycle, the airfoil
surface pressure measurements, tunnel free-stream
conditions, wall pressures, and wake-rake total-
pressure measurements with the rake in its first po-
sition were sampled 10 times over 1 sec and aver-
aged. The remainder of the wake profile was defined
by stepping the probe through a specified distance,
pausing 0.25 sec for pressure to stabilize, sampling
10 pressures in 1 sec, averaging these measurements,
and stepping the rake again. Each time the rake was
stepped, the tunnel conditions were also measured.
Because the width of the airfoil wake changes with
angle of attack, the number of steps of rake traverse
was varied to ensure accurate wake definition. For ex-
ample, figure 5 illustrates the number of steps of rake
traverse associated for the My, = 0.76 test condition.

Model Description

The test model was a 12-percent-thick advanced-
technology airfoil (designated by Boeing as TRTT)

with a chord of 6.0 in. The nominal design point was
at ¢; = 0.65 and M ~ 0.76. The model was designed
and fabricated (in accordance with Langley Research
Center’s Wind-Tunnel Model System Criteria (LHB
1710.15)) by Boeing. Aerodynamic considerations
required contour accuracies of £0.001 in., surface fin-
ishes of 10 x 10% in. rms or better, and good exper-
imental practices that required detailed definition of

the pressure distribution over the model. Tunnel op-
erating requirements included model chord and span
dimensional tolerance, a selection of material suit-
able for use at cryogenic temperatures, safety fac-
tors of at least 3 at all operating conditions, Charpy
impact strengths of at least 20.34 J at -321°F, and
compatibility with the existing 0.3-m TCT sidewall
turntables. A photograph of the TR77 airfoil in-

stalled between the sidewall turntables is shown in
figure 6(a). In this view, the plenum lid and test-

section ceiling have been removed, and the model
with the sidewall turntables has been raised and set
on the top of the test section. Figure 6(b) shows
a sketch of the airfoil model with the location of
the surface pressure orifices. The model was instru-
mented with 53 static pressure orifices, each having
a diameter of 0.010 in.

The structural design of this model was basi-
cally the same as for the first Boeing model (ref. 3),
but several enhancements were incorporated into the
manufacturing of this model. Maraging 200 steel was
chosen for the construction of the TR77 model in-
stead of the A-286 stainless steel used for the first
model because of superior dimensional stability dur-
ing machining, ease of machining and handwork-
ing, and superior weldability. The Eutectic Eutec
Rod 157 solder previously used was replaced with a
solder especially formulated for cryogenic strain-gage
installation. This solder has a melting point of 580°F,
almost 280°F higher than Eutectic 157; therefore, the
solder joints were less susceptible to melting during
the electron-beam welding operation.

The primary enhancement in the manufacturing
of this model was the innovative use of a numeri-
cally controlled traveling wire electron discharge ma-
chine (wire EDM) for the contouring of the airfoil
shape. The EDM was originally used for cutting
and checking templates, but it was found that with
minor cutting-rate and power-setting modifications,
material as deep as 12 in. could be cut with con-
tour accuracies of £0.00075 in. The cuts produced
were smooth and not ridged, as are those from a
milling operation. The wire EDM process resulted in
a simplified contouring procedure that involved mak-
ing a single cut of only 0.002 in. over target contour,
removing the heat-affected zone, and polishing the
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surface. The net result was a satisfactory contour at
a lower cost than the first Boeing airfoil.

Section beam properties were determined with a
computer-aided design (CAD) system using a math-
ematical model of a segmented beam that was simply
supported at the ends. A worst-case load stress anal-
ysis showed this model to be stiffer than the previous
one with ample factors of safety.

The final contour (except near the leading edge)
and pressure orifice locations were checked at Boeing
with a validator probe. The leading-edge contours
were checked separately at Boeing with templates.
The model contour was also measured at Langley
before testing, between tunnel entries, and after the
test. Figure 7 shows the results of the three Langley
contour measurements. The required contour accu-
racy of £0.001 in. was generally achieved, except on
the aft two-thirds of the lower surface, and model
contours remained stable after many cryogenic cy-
cles. Surface finish was checked at Boeing with a
profilometer and was shown to be 3.9 x 1079 in., well
within the specified tolerance.

Boundary-Layer Transition

Boundary-layer transition was fixed using alu-
minum disks, 0.06 in. in diameter and 0.001 in.
in thickness, that were applied along the span on
0.15-in. centers. The disks were bonded onto both
the upper and lower model surfaces along the 10-
percent chord line with a two-part glue. The thick-
ness of the glue bond added approximately 0.001 in.
to the disk thickness. This thickness was taken into
account for boundary-layer transition.

Test Program

Test conditions were selected to determine the
effects of Reynolds number, Mach number, and tran-
sition on the airfoil, as well as to determine its gen-
eral performance. Figure 8 shows the Reynolds num-
ber and free-stream Mach number conditions tested;
these tests were conducted in two entries because of
tunnel operational problems. The fixed-transition
and free-transition data are presented as solid and
open symbols, respectively. There were no fixed-
transition data obtained during the second entry.

Data Reduction, Quality, and
Repeatability

Data Reduction

Final aerodynamic coefficients were calculated at
Boeing and are presented in table I. The normal-force
and pitching-moment coefficients were computed by
numerical integration of the pressures over the model
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surfaces. Runs 1 to 14 (fixed transition) and 15 to 24
(free transition) are associated with the first entry,
and those numbered greater than 100 are associated
with the second entry. For runs 15 to 19, incor-
rect pressures were measured on the lower surface
at z/c = 0.48, and the normal-force and pitching-
moment values for these runs were computed as-
suming a straight-line interpolation of the adjacent
pressures. The pressure data from the first tunnel
entry included a trailing-edge pressure, but similar
data were not measured during the second entry be-
cause the orifice located there became plugged. The
trailing-edge pressures for these runs were calculated
by straight-line extrapolation of the last two upper
surface pressure values. - T

The drag coefficient for each data point was ob-
tained as an integration of wake total-pressure decre-
ment (momentum loss), as measured by the rake, cor-
rected for a “threshold” decrement. This threshold
decrement is identified as that level associated with
the noise band of the tunnel and instrumentation.
For some data points, a small part of the wake was
missed because of improper rake travel specification.
In each of these cases, the wake profile was manually
extrapolated. The error associated with this manual
extrapolation was very small, since this process gen-
erally added less than one drag count (0.0001) to the
drag coefficient.

In the 0.3-m TCT data—reductlon process, the
thermodynamic properties of the nitrogen gas were
calculated using the Beattie-Bridgeman equation of
state. This equation of state has been shown to give
essentially the same thermodynamic properties and
flow-calculation results in the temperature-pressure
regime of the 0.3-m TCT as the more complicated
Jacobsen equation of state (ref. 8). Detailed discus-
sions of real-gas effects when testing in cryogenic ni-
trogen are contained in references 9 and 10.

The test Mach number My, reflects the average
local Mach number distribution (from static pressure
orifices on each turntable) as a function of Reynolds
number in the calibration of the “empty” test sec-
tion. No attempt has been made to correct the data
for wall interference effects due to either the top or
bottom slotted walls or due to the sidewall boundary-
layer growth effects. However, the techniques ap-
plicable for correcting this airfoil data set are docu-
mented in references 11 and 12.

Data Quality

Mach number fluctuations. In all wind-
tunnel testing, and especially in transonic testing,
the stability of the tunnel flow conditions, such as
Mach number, has a direct bearing on the quality of
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the final aerodynamic data. In table I, values of Mach
number and Reynolds number are shown as average
values for each data point. Two Mach numbers are
listed: Moo p is the tunnel free-stream Mach number
when the airfoil pressures were measured at the first
rake step; Mo r is the average tunnel Mach number
for a full rake traverse in acquiring data for calcu-
lation of ¢j. The My p value from point to point
indicates the precision in setting tunnel test condi-
tions. Figure 9 shows, for several runs, samples of
the tunnel free-stream Mach number at each probe
position during a wake probe sweep. For some angles
of attack, a distinct periodicity was apparent in the
tunnel Mach number. Table IT gives the standard de-
viation of M during the time required to survey
the wake for several runs. This estimate is gener-
ally between 0.001 and 0.003, which is acceptable at
Mach numbers below drag divergence.

Airfoil spanwise variation of drag. In two-
dimensional airfoil testing, the uniformity of the flow
across the test section is also critical to the quality
of the final aerodynamic data. The interactions
of tunnel sidewall boundary layer with the airfoil
pressure field and with separated flow are potential
sources of three-dimensional flow effects in a two-
dimensional test section. The variation of section
drag coefficient across the span provides a general
indication of the uniformity of the flow.

A review of the section drag coefficients for Re =
30.0 x 108 (free transition) in figure 10, a typical
flight condition, indicates that there is acceptable
spanwise uniformity. At high section normal coef-
ficients, however, beyond the onset of trailing-edge
boundary-layer separation, this uniformity deterio-
rates. The lower value of section drag coefficient near
the wind-tunnel wall (y/b/2 = —0.75) for ¢, = 0.996
(fig. 10(b)) is a typical indication of the interaction
of the tunnel wall and boundary layer with a shock
wave over the model (ref. 13).

For the lowest Reynolds number data, for which
there is considerable laminar boundary-layer flow
over the model, the free-transition data (fig. 11)
indicate nonuniform transition along the span of the
model. However, the situation is improved once the
transition is fixed.

Data Repeatability

Since the data for the present test were obtained
over two wind-tunnel entries, both the repeatability
of the aerodynamics data within each entry and the
repeatability of the aerodynamic data from one entry
to another are considered.

The repeatability of the airfoil aerodynamic data
from the same wind-tunnel entry, with and without

transition trips for selected rums, is shown on fig-
ures 12(a) to 12(c). Good repeatability is shown ex-
cept for the higher Mach numbers, where the airfoil
is more sensitive to free-stream variations. For ex-
ample, in figure 12(b), for run 126, the difference in
¢y shown at ¢, ~ 0.60 could be due to changes in
transition location from the combined effects of low
Reynolds number (7.7 x 105), no transition-trip ap-
plication, and high test Mach number.

The repeatability of the airfoil aerodynamic data
of the two separate tunnel entries is illustrated in
figures 13 and 14. For the Reynolds numbers shown,
77 and 30.0 x 109, better test-to-test correlation
in ¢q is indicated at Moo = 0.70 (figs. 13(a) and
14(a)) than at My = 0.76 (figs. 13(b) and 14(b)).
This repeatability is again attributed to the Mach
number sensitivity of the airfoil at the higher test
Mach numbers.

Overall, the repeatability investigations indicate
that, for this experiment, good correlation is likely
obtained when any one or a combination of the fol-
lowing conditions is present: (a) subcritical flow
over the airfoil, (b) boundary-layer transition loca-
tion fixed, or (c) comparable tunnel conditions main-
tained within a run. As discussed previously, the
upper surface contour measurements were shown to
be within the tolerance of £0.001 in., and based on &
study in reference 14, model contour variation is elim-
inated as a possible source of data nonrepeatability.

Presentation of Results

The airfoil aerodynamic characteristics are pre-
sented as follows:

Figure

Effects of fixing transition on aerodynamic
characteristics of airfoil:

Ro=44x10® . . ... ... ..... 15

Re=77x106 . ... ... ...... 16
Effect of Reynolds number on aerodynamic
characteristics of airfoil:

Free transition . . . . . . .« . . o .« . . 17

Fixed transition . . . . . . . . « . . . 18
Effect of Mach number on aerodynamic
characteristics of airfoil:

Free transition . . . - . .« . o o+ o . s 19

Fixed transition . . . . . . . . . . . . 20

Effect of Mach number on variation of trailing-
edge pressure coefficient with normal-
force coefficients for fixed transition . . . . 21

Effect of transition and Mach number on variation
of pitching-moment and normal-force coefficients
with Reynolds number for a=2° . . . . 22
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Effect of Reynolds number on variation of
normal force with Mach number;

-2°<a<2° ... .. ... .... 23

e, =040 . . .. .00 L. 24
Variation of drag coefficient with Reynolds

number for My =0.70and 0.74 . . . . . 25
Effect of Reynolds number on variation of drag

coefficient with Mach number . . . . . . 26
Effect of Reynolds number on variation of ¢,

with drag-divergence Mach number . . . . 27
Effect of Reynolds number on variation of

(n/d)max with Mach number . . . . . . . 928
Performance map for airfoil model at

Re=300x10% . ... ... ... .. 2

Discussion of Results

Several aspects of the sectional aerodynamic
data are examined in this section. First, effects
of boundary-layer tripping, Reynolds number, and
Mach number are discussed. Second, variation of the
trailing-edge pressure with section normal-force coef-
ficient for several Reynolds number runs as an indica-
tor of the onset of airfoil trailing-edge flow separation
is discussed. Third, a discussion of the airfoil stabil-
ity and performance in the neighborhood of the de-
sign condition is presented. Finally, some comments
are presented regarding the model and overall test
experience.

Basic Aerodynamic Data

Effects of boundary-layer tripping. Figures
15 and 16 show the effect of leading-edge boundary-
layer tripping on the basic aerodynamic coefficients
for R, = 4.4 x 106 and R, = 7.7 x 108, respectively.
For the lower Reynolds number, the boundary-layer
transition evaluation was conducted for test Mach
numbers of 0.70 and 0.74; for the higher Reynolds
number, the test Mach numbers were 0.70, 0.74,
and 0.76. A comparison of the data shows that
application of the trip to obtain turbulent flow de-
creased both the section normal-force and nose-down
pitching-moment coefficients but increased the sec-
tion drag coefficient. The thickened boundary layer
from tripping has a decambering effect on the air-
foil; essentially, the fluid shape of the model is in-
creased, hence there is a reduction of the nose-down
pitching-moment coefficient and there is a require-
ment of higher angles of attack to achieve the same
normal-force coefficient. The increase in overall drag
level is attributed to higher skin-friction drag associ-
ated with the turbulent flow that results from trip-
ping the boundary layer. However, the differences
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Vbetween the fixed- and free-transition data dimin-

ish as Reynolds number increases, because the lo-
cal boundary-layer flow becomes turbulent sooner at
higher Reynolds numbers.

Reynolds number effects. The effects of
Reynolds number on the basic aerodynamic coeffi-
cients for several Mach numbers are presented in fig-
ures 17 (free transition) and 18 (fixed transition).
These figures show that, below airfoil stall conditions,
there was a decrease in drag coefficient and a mi-
nor increase in normal force and nose-down pitching-
moment with increasing Reynolds number. However,
the opposite trend is shown in figures 17(a) and 17(cg
as the Reynolds number is increased from 4.4 x 10
to 7.7 x 108, For the low Reynolds number data in
figure 17(a), R = 4.4 x 106; the initial low drag co-
efficient is attributed to the presence of laminar flow
over the airfoil. The abrupt increase in drag coef-
ficient near ¢, = 0.5 and higher is an indication of
increased drag associated with transition from lam-
inar to turbulent flow similar to the increase with
the National Advisory Committee on Aeronautics
(NACA) laminar-flow airfoils (ref. 15).

Mach number effects. The effects of Mach
number on the basic aerodynamic coefficients for the
range of test Reynolds numbers are presented in fig-
ures 19 (free transition) and 20 (fixed transition).
The trends are generally similar for both free and
fixed transition and indicate increases in normal-
force slopes, drag, and nose-down pitching-moment
coefficients with increasing Mach number. The max-
imum normal-force coefficient and the angle of attack
for the maximum normal-force coefficient decreased
with increasing Mach number. In the mid-« range
(3°< @ < 6°, nominally) for the Mach number range
of 0.70 to 0.76, both the normal-force and pitching-
moment curves (for a fixed Mach number) exhibit
abrupt slope changes, which indicates possible flow
variations over the airfoil. These changes (based on
unpublished airfoil pressure data) appear to corre-
spond with the development of a shock wave on the
model. The formation of the shock wave resulted
in higher section drag coefficients for My, = 0.78
(fig. 20) due to momentum loss from boundary-layer
separation.

Trailing-Edge Pressure

The trailing-edge pressure was monitored during
the initial entry to provide an indication of the on-
set of trailing-edge flow separation. This separa-
tion is indicated by the pressure coefficient becom-
ing more negative. Figure 21 illustrates the effects
of Mach number on the trailing-edge pressure coeffi-
cient (Cpse) with fixed transition at three Reynolds



numbers. At each Reynolds number, the data indi-
cate that the section normal-force coefficient associ-
ated with separation decreases with increasing Mach
number. These coefficients can also be related to the
Cn,max When ¢y is plotted against . For example, at
My = 0.74 and for R, = 7.7 X 105, the trailing-edge
pressure coefficients indicate onset of separation at a
normal-force coefficient of 0.94 (fig. 21(b)); the basic
aerodynamic data in figure 16(b) indicate a maxi-
mum normal-force coefficient of 0.95. Figure 21 also
shows that for fixed section normal-force coefficients
below flow separation, the trailing-edge pressure co-
efficients become more positive (i.e., more pressure
recovery) with increasing Reynolds number.

Airfoil Stability and Performance

Variation of ¢y and ¢, with Ry, o = 2°.
The airfoil pitching-moment and normal-force co-
efficient characteristics near the design conditions
are presented in figure 22 for the test Reynolds
number range and for both fixed and free transi-
tion. The Mach numbers for these conditions are
0.70 and 0.76. The free-transition data for both
Mach numbers and R, > 7.7 X 10% show the same
trends—increasing both secticn normal-force and
nose-down pitching-moment coefficient with increas-
ing Reynolds number—that were noted in previous
discussions. The section normal-force and pitching-
moment coefficient data for My = 0.70 indicate little
change from R, = 4.4 to 7.7 108, whereas the data
for M, = 0.76 show a decrease in both normal-force

and nose-down pitching-moment coefficients. This

trend with Reynolds number again illustrates the de-
cambering effect on the fluid shape of the airfoil due
to boundary-layer transition. As the Reynolds num-
ber is increased from 7.7 to 14.0 x 10°, the fixed-
and free-transition data are very close for the most
part. This result, along with the previous discussion
of boundary-layer tripping, suggests that the natural
transition has moved forward to the point of fixed
transition and occurs in the Reynolds number range
from 7.0 to 14.0 x 10°.

Variation of normal-force coefficient slopes
and stability parameter with Mach number.
Figure 23 presents a summary of the variation of sec-
tion normal-force curve slope ¢ with Mach num-
ber for free transition and Reynolds numbers of
14.0, 30.0, and 42.0 x 108. These results illustrate
the characteristic increase in section normal-force
curve slopes with increasing Mach number and large
slope variation as the design Mach number (0.76)
is approached. Variation of the stability parame-
ter Ocy/Oc, with Mach number at ¢, = 0.40 is
presented in figure 24 for the same three Reynolds

numbers. The data for R, = 14.0 and 30.0 x 108
show minor variations of 8cm/0c, with Mach num-
ber up to Ms = 0.70. However, positive stability
(nose-down pitching moment) increases to a large
rate for Ms > 0.70 and is attributed to a rapid
rearward movement of the developed airfoil shock.
The stability variation of the high Reynolds number
(R =42.0 x 106) data indicates significant shifts of
the airfoil center of pressure for My, > 0.70. The de-
crease in positive stability in the Mach number range
of 0.70 to 0.74 may be due to the presence of laminar
flow before becoming fully turbulent at My = 0.74.
With regard to the Reynolds number trends, pos-
itive stability increases from R. = 14.0 x 10° to
R. = 30.0 x 105 for My < 0.70, but no clear trends
were evident for My > 0.7.

Variations of c¢; with Re; ¢, = 0.65 and
0.75. Figure 25 shows the variation of the section
drag coefficient with test Reynolds number near the
airfoil design section lift condition for fixed and free
transition and My = 0.70 and 0.74. The fixed-
transition data and free-transition data for R, >
14.0 x 108, essentially turbulent flow over the airfoil,
illustrate the expected reduction in section drag co-
cfficient with increasing Reynolds number. From the
same figure, it is seen that the free-transition data
for the lower Reynolds numbers (4.4 and 7.7 x 106)
show lower section drag coefficients than the corre-
sponding fixed-transition data. The lower values are
attributed to the presence of laminar flow typical
of low Reynolds number conditions, and the scat-
ter of the coefficients is likely due to the nonuni-
form spanwise boundary-layer transition (fig. 11) dis-
cussed previously.

Variation of cq with My, ¢, = 0.55, 0.65,
and 0.75. Figure 26 presents the airfoil drag-rise
characteristics for the range of test Reynolds num-
ber at normal-force coefficient values of 0.55, 0.65,
and 0.75. The open symbols represent the free-
transition data from the second tunnel entry, and
the solid symbols represent the fixed-transition data
from the first tunnel entry. The data show that the
section drag coefficient and drag creep! increase with
increasing normal coefficients. Also, the transition-
free, low Reynolds number (4.4 x 106) data show a
somewhat higher drag-divergence Mach number than

1 The term “drag creep” is a description of the moderate drag
rise as a result of gradual buildup of boundary layer and shock
losses preceding drag divergence (ref. 16) and is dependent upon
Jocal boundary-layer condition and the associated fluid shape of
the airfoil. This phenomenon had been the subject of advanced
airfoil research, and references 16 and 17 are examples of early low
Reynolds number investigations concerning a NASA 10-percent-
thick supercritical airfoil.
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the other test conditions. Interpreting the increased
drag-divergence Mach number M, is difficult be-
cause of the inability to determine the transition lo-
cation on the model. This difficulty is further il-
lustrated in figure 27, which shows little effect of
Reynolds number on My for the free-transition data
except for R, = 4.4 x 106, which has a noticeably
higher value of My,. The area to the left of the drag-
divergence Mach number curves represents the test
conditions that can be achieved with this airfoil be-
fore encountering the transonic drag rise. (Again,
these Mach numbers have not been adjusted for tun-
nel wall interference effects.)

Performance factor and range parameter.
The effect of Mach number and Reynolds number
on the airfoil, with free transition, is shown in fig-
ure 28. For a constant Reynolds number, these
results generally indicate small reductions in the per-
formance factor (n/d)max with increasing Mach num-
ber up to transonic drag rise, after which signifi-
cant performance reductions resulted (sharp break on
curves). As expected, increasing the Reynolds num-
ber improves the airfoil performance because of the
drag reduction associated with progressively smaller
boundary-layer thickness. A performance map of the
range parameter over the test Mach number range for
the airfoil with free transition at R, = 30.0 x 10° is
shown in figure 29.

Overall Test and Model Assessment

Primary objectives of the ATAT program were to
provide the U.8. industry participants with the op-
portunity to gain experience in cryogenic testing and
cryogenic model design and fabrication. Experience
gained from the present airfoil test substantiated pre-
vious evidence that the physical stability of models at
cryogenic test temnperatures is a function of the mate-
rial, the configuration design, and the overall model
fabrication procedures. Model accuracy is also a ma-
jor consideration for the boundary-layer conditions
at high Reynolds numbers. Therefore, a thorough as-
sessment of the accuracy of the model contours and
a quantitative definition of the model surface finish,
both before and after the test, are considered to be
essential.

In general, there were no significant problems en-
countered with the model design and modified fabri-
cation technique at Boeing. No structural problems
were encountered with the load-carrying parts of the
model. Post-test examinations of the model did not
indicate any obvious distortions or structural failures
in the cover plates or associated weld joints, or in
the shape and dimension of the model in the span-
wise or chordwise direction. There was very little

8

deterioration of the surface finish on the model, in
contrast to the model used in the first Boeing 0.3-m
TCT test (ref. 3).

The design and fabrication techniques used for
this model were shown to be structurally sound and
conservative. The model contouring by the wire
EDM process helped reduce the cost of the model
to about one-half that of the first model (ref. 3);
this reduction more than offset the cost for achieving
the required stringent surface-finish and dimensional
tolerance.

The material used to construct this model, Marag-
ing 200 steel, is susceptible to corrosion. Models
made out of this material need to be handled, tested,
and stored with care. Minor corrosion had developed
near the model trailing edge and the solder-filled up-
per surface pressure tap trenches (fig. 6(b)); however,
nearly all the corrosion was removed by wiping the
model with alcohol. The affected part was sufficiently
downstream of the leading edge, so as not to have af-
fected the transition location.

Summary of Results

A wind-tunnel investigation, which represents
the second Boeing Commercial Airplanes (Boeing)
test in the NASA/U.S. industry two-dimensional air-
foil study in the Advanced Technology Airfoil Tests
(ATAT) program, has been conducted in the Langley
0.3-Meter Transonic Cryogenic Tunnel. This inves-
tigation was designed to test a Boeing 12-percent-
thick advanced-technology airfoil from low to flight
Reynolds numbers and to provide Boeing with ad-
ditional experience in cryogenic wind-tunnel model
design, fabrication, and testing techniques.

All the objectives of this cooperative test were
met. Limited analysis of the data from this investi-
gation indicates the following results:

1. Turbulent boundary-layer flow was achieved on
the airfoil by using aluminum transition disks at
low Reynolds number over the test Mach number
range.

2. Increasing Reynolds number resulted in increased

normal force, increased nose-down pitching-moment

coefficient, and generally decreased drag coeffi-
cient. No definite trends with Reynolds number
could be determined for lift-curve slope, stability
parameter, or drag-divergence Mach number.

3. Increasing Mach number yields increases in normal-

force slopes and nose-down pitching-moment co-
efficients and a decrease of maximum normal-
force coefficients.

4. For a given Reynolds number, the normal-force

coefficients associated with trailing-edge separation



a fixed normal-force coefficient below airfoil flow
separation, the trailing-edge pressure coefficient is
more positive with increasing Reynolds number.

The data for a Reynolds number of 4.4 X 108
without transition trips had the highest drag-
divergence Mach number for moderate values of
normal-force coefficient.

NASA Langley Research Center
Hampton, VA 23665-5225
May 1, 1990
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Table 1. Airfoil Force and Moment Data Tabulation

Pt. Woo,r My p R, o, deg Cn Cm cq B
Run 1 -
1 0.7394 0.7386 4.46 x 108 —2.00 —0.004 —0.105 0.00962 E
2 .7390 .7388 4.43 .01 274 —.110 .00961 i
3 7391 7410 4.39 1.03 429 ~.114 .01010 §
4 .7393 .7406 4.40 2.03 .559 —.113 01077 =
5 .7392 7373 4.41 3.01 .705 —.111 01179 §
6 .7393 .7370 4.41 3.55 .803 -.114 & 01406 =
7 7387 7379 4.41 3.50 795 —.115 2 01344 g
8 .7392 .7398 4.41 4.01 .896 —-.126 801777 =
10 7391 7459 4.42 4.54 .956 -.136 02577 =
11 7389 7417 4.41 4.50 954 -.131 .02429 =
12 7389 7409 4.40 5.04 .969 —.130 .04400 =
13 7389 .7369 4.41 6.00 .965 —.123 .07530 =
Run 2 =
14 0.7818 0.7843 4.42 x 106 —-2.00 —0.015 -0.101 (b) =
15 7815 7784 4.43 —2.00 —.018 —.102 0.01776 =
16 7815 7827 4.43 - —1.01 131 —.113 .01265 s
17 7815 7798 4.43 .03 281 —.117 01167
18 .7818 .7868 4.43 1.04 .433 —.127 01346 =
19 7816 7773 4.43 2.05 571 —.124 .01811 =
20 7815 7793 4.42 2.52 628 —.128 .02270 %
21 7815 .7809 4.42 3.01 .673 -.129 .03010 =
Run 3
1 0.6984 0.6968 4.41 x 108 —2.00 0.007 —1.101 0.00905
2 .6981 .6973 4.42 .08 .282 —.104 .00918
3 .6981 .6959 4.40 1.13 419 —.106 .00950
4 .6983 .6982 4.40 2.10 .H48 —.109 .00996
5 .7030 .7030 4.42 3.08 679 —.107 .01089
6 .7032 .7050 4.40 3.60 .756 —.106 .01186
7 7032 7008 4.40 4.08 .816 —.102 .01414
8 7031 7030 4.40 4.05 811 —.102 .01402
9 7029 7023 4.39 4.57 901 —.104 .01836
10 7032 7034 4.40 5.05 .986 —.105 .02490
11 .7031 .7058 4.39 6.05 1.104 -.110 .04290
12 7031 7014 4.40 7.05 1.129 -.107 06620
Run 4 )
13 0.7820 0.7788 7.69 x 108 —2.10 —0.019 —0.105 80.02040 _
14 7822 .7863 7.69 —.94 .184 —.125 201231
15 7817 7804 7.70 .08 .330 —-.129 .01198 -
i 16 7817 7790 7.69 1.14 .466 —.129 .01405 _
: 17 .7819 .7843 7.70 . 2.10 .594 —.137 01976
18 7821 7835 7.68 2.57 .640 -.138 .02480
19 7817 .7833 7.69 3.05 .680 —.135 .02870
20 7817 7838 7.68 3.55 714 —.133 .03540

# Extrapolated airfoil wake profile used.

b Insufficient data for evaluation of associated coefficient.

10




Table 1. Continued

Pt. ﬁoo,r Myp R, o, deg Cn Cm ¢4
Run 5
22 0.7624 0.7599 7.73 x 108 -2.02 —0.001 —0.109 20.01098
23 7620 7622 7.71 -.99 .160 —.116 .00929
25 .7623 7620 7.73 .01 .299 —.119 .00938
28 .7634 .7609 7.71 .99 444 —.124 .01050
29 .7634 7614 7.72 2.03 .609 —.127 .01252
30 .7634 .7629 7.68 3.03 759 —.138 202210
31 .7636 7608 7.69 3.53 .803 —.137 .02870
32 .7636 7601 7.71 4.04 .835 —.835 .03590
Run 6
33 0.7438 0.7439 7.73 x 106 —2.04 0.025 —-0.114 0.00922
34 7437 7437 7.72 .03 312 —.119 .00897
35 .7437 7478 7.73 1.02 .455 —.121 .00951
36 7434 .7440 7.72 2.04 .596 —.121 .01017
37 7437 7452 7.71 3.30 .786 —.130 .01210
38 7434 7425 7.73 3.53 . .855 —-.134 201622
39 .7433 7429 7.74 4.02 918 —.136 202220
40 7435 .7443 7.73 4.56 .944 —.136 2 03260
41 7438 7475 7.73 4.57 .946 -.137 a. 03240
42 .7436 7439 7.72 5.03 .938 -.129 a 05080
Run 7
44 0.7036 0.7030 7.71 x 108 —2.05 0.030 -0.109 0.00845
45 .7037 7023 7.72 .04 .303 -.113 .00848
46 .7037 7929 7.71 1.03 .429 —.113 (b)
47 .7035 .7005 7.71 1.03 426 -.113 .00870
48 7032 .7025 7.70 2.03 .562 —.115 .00928
49 .7036 7037 7.70 3.03 .698 —.113 .00992
50 .7035 .7008 7.71 3.52 764 —-.112 .01120
51 7037 7024 7.72 4.03 .854 —.110 .01394
52 7037 .7045 7.72 4.54 .956 —.113 201928
53 .7036 .7059 7.72 5.03 1.043 —~.116 02720
54 .7036 7048 7.72 6.05 1.143 —.120 .05230
55 7035 7034 7.71 7.05 1.117 -.119 a 07820
Run 8
4 0.7796 0.7849 4.42 x 1068 -2.00 -0.022 —0.096 (b)
5 .7796 .7801 4.41 .02 .294 -.120 40.01208
6 7795 7832 4.42 1.03 .438 -.125 .01397
7 7792 7793 4.42 2.06 584 -.129 .01907
8 7796 7811 4.43 2.58 .633 —.131 .02480
Run 9
9 0.7617 0.7592 7.74 x 108 -0.03 0.300 —0.120 0.00962
10 7624 .7669 7.71 2.16 637 —.134 201305
11 .7626 .7616 7.71 2.57 697 -.134 2 01597
12 7625 7662 7.71 3.06 752 —.140 a.02110

a Extrapolated airfoil wake profile used.
b Insufficient data for evaluation of associated coeflicient.
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Table 1. Continued

Pt. A_foo,r Moy p R, a, deg Cn Cm cq
Run 10
13 0.7426 0.7437 7.72 x 108 —-0.03 0.302 —0.118 0.00918
14 7426 7443 7.73 2.06 .597 —.122 .01052
15 .7425 .7398 7.73 3.04 746 —.120 201213
16 .7426 .7462 7.73 3.55 852 —.133 201518
17 7426 7413 7.73 4.05 916 —.135 202110
18 7427 7434 7.73 4.52 954 —.136 .02950
Run 11
19 0.7819 0.7816 14.05 x 108 —0.98 0.190 —-0.129 20.01233
20 7819 .7856 14.06 .06 342 —.137 a.01231
21 7821 .7802 14.05 1.06 487 —.140 .01530
22 7819 7824 14.05 2.04 611 ~.144 .02210
23 7822 7793 14.05 2.55 .656 —.142 (b)
Run 12
24 0.7612 0.7611 14.04 x 106 —2.02 0.028 -0.119 20.01036
25 7609 7616 14.04 —.98 191 —.125 & 00870
26 7611 7617 14.04 .03 337 —.128 (b)
27 7610 7617 14.05 .04 .332 —.126 .00883
28 7611 7610 14.05 1.04 479 —-.131 4.00983
29 7611 7615 14.05 2.04 .635 —.134 01136
30 7608 7626 14.15 2.54 .705 —.140 .01420
31 7632 7631 14.06 3.00 770 —.146 .02140
32 7634 .7665 14.06 3.53 .798 —.142 2 02920
Run 13
1 0.7026 0.7040 14.01 x 108 —-2.00 0.038 —0.113 0.00792
2 7027 .7008 14.03 .02 .324 -.117 .00802
3 7022 .7020 14.03 1.03 .447 -.117 .00816
4 7024 7024 14.03 2.02 572 —.117 00859
5 7024 .7049 14.04 3.02 716 —.118 .00929
6 .7024 .7070 14.02 3.52 786 -.116 01041
7 .7023 7007 14.02 4.02 .849 -.112 01320
8 .7026 .7037 14.02 4.52 950 —-.117 01793
9 7022 .7050 14.02 5.02 1.012 —.114 .02460
10 7025 .7007 14.02 6.02 1.106 —.113 .04160
Run 14
11 0.7429 0.7391 14.03 x 108 —-1.98 0.038 -0.114 0.00863
12 7433 .7465 14.00 .02 327 -.124 .00861
13 7433 .7406 14.02 1.03 .465 —.124 .00896
14 .7433 .7444 14.02 2.01 .609 —.126 .00967
15 7432 .7434 14.02 3.02 758 —.126 201124
16 .7430 7462 14.02 3.52 .833 -.130 401390
17 7432 .7431 14.02 . 4.02 .887 —.133 201821
18 7434 7433 14.02 4.52 .939 —.135 .02520
19 7431 .7409 14.02 5.02 .975 —.133 .03490
20 .7433 .7455 14.02 6.02 .943 —.124 a.07770

& Extrapolated airfoil wake profile used.

b Insufficient data for evaluation of associated coefﬁaent.

0

JONY O ORI 000 00O O W DN 101 1 0016 W0 o o 1m0 w1 e




Table 1. Continued

Pt. ﬁoo,r Mooy R, «, deg cn Cm cd
Run 15
1 0.7833 0.7863 7.72 x 106 -2.00 -0.027 —0.100 0.01647
2 7828 7861 7.71 -.97 .155 -.125 .01185
3 7832 .7840 7.70 .03 302 -.131 .01195
4 7829 .7820 7.70 1.03 .458 -.137 .01504
5 .7831 .7841 7.70 2.02 .585 —.142 .02140
6 7829 7807 7.71 2.55 642 -.139 .02910
Run 16
7 0.7057 0.7049 7.66 x 108 —2.00 0.011 -0.104 0.00831
8 .7058 .7069 7.71 .02 289 —.112 .00782
9 7057 7066 7.70 1.02 422 -.115 .00824
10 7061 .7080 7.68 2.01 .557 —.118 .00808
12 .7059 .7068 7.72 3.02 .697 —.116 .00888
13 7057 7055 7.71 3.52 .764 —.114 .01001
14 .7060 .7031 7.71 4.02 .838 —.110 .01300
15 .7060 .7038 7.72 4.52 .926 —-.111 .01823
16 .7058 7074 7.71 5.02 1.038 —-.120 .02600
17 .7059 7023 7.71 6.02 1.154 —.124 .05090
18 .7058 7047 7.71 7.03 1.157 —.128 .08000
Run 17
19 0.7026 0.7005 30.09 x 108 -2.01 0.045 -0.112 0.00704
20 .7025 7062 30.06 .02 323 —.120 .00712
21 7027 .7040 30.07 1.02 .459 —.123 .00721
22 .7023 .7002 30.18 2.02 577 -.119 .00761
23 .7002 7026 30.17 3.02 728 -.121 a 00826
24 .7035 7034 30.21 3.52 .799 —.119 2 00981
25 .7036 .7081 30.22 4.02 .900 -.119 .01270
26 .7068 7076 30.16 4.52 986 —.122 .01878
27 .7060 7043 30.13 5.02 1.061 —.124 .02640
28 .7020 .6989 30.00 6.03 1.180 —.127 .04910
Run 18
29 0.6019 0.6023 7.72 x 108 —2.00 0.032 —0.098 0.00774
30 .6028 .6021 7.74 0 271 —.102 a,.00787
31 .6025 .6040 7.73 1.01 384 —.102 2,00787
32 .6013 .6039 7.71 0 .504 —.104 .00738
33 .6022 6048 7.72 3.01 641 —.111 .00766
34 .5981 .5976 7.67 3.52 .688 —.108 .00807
35 .5997 .6003 7.67 4.01 .742 -.106 .00830
36 .6021 .6029 7.70 4.51 811 —.106 .00870
37 .6036 .6052 7.71 5.01 .865 -.105 .00935
38 .6013 .6008 7.70 6.01 .980 —.095 .01213
39 .6025 .6058 7.71 7.02 1.123 -.090 .02100
40 .6019 .5973 7.71 8.01 1.190 —.084 .03560
|41 .5997 6034 7.66 9.03 (b) (b) .04910

a Extrapolated airfoil wake profile used.

b Insufficient data for evaluation of associated coefficient.
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Table 1. Continued

Mw ’p

R,

a, deg

Pt. ﬁm)r Cn Cm c4
Run 19
42 0.7665 0.7702 30.04 x 1068 0 0.344 —-0.138 40.00851
43 .7658 7664 30.08 2.02 .646 —.145 2 01264
44 .7644 .7663 29.66 2.53 715 —.150 2 01706
45 .7602 7613 30.06 3.02 792 —.150 401935
Run 20
1 0.7026 0.7036 4.40 x 106 —2.00 0.063 -0.118 0.00710
2 .7024 7018 4.40 —1.98 .055 —.114 .00723
3 7023 .7000 4.39 .03 315 —.118 .00710
4 7022 .7007 4.41 1.03 .447 -.119 00672
5 7022 7011 4.41 2.02 .559 —.116 .00811
6 7023 .7024 4.41 3.04 .696 —.114 .00868
7 .7024 .7043 4.41 3.54 774 —.114 .00964
8 7022 7017 4.41 4.05 .850 —.111 .01246
9 .7022 .7020 4.41 4.52 .936 -.111 .01760
10 .7023 .7008 4.41 5.04 1.024 —.114 .02560
11 .7025 .7049 4.40 6.02 1.172 —.126 .04760
12 .7023 7046 4.40 7.04 1.206 —.122 .06350
Run 21
13 0.7432 0.7427 4.40 x 106 -2.13 0.033 ~0.120 0.00782
14 7427 7412 4.40 .04 341 —.127 .00709
15 7429 7351 4.40 1.02 463 —.124 .00772
16 .7430 .7441 4.40 2.01 .608 —-.127 .00844
17 7435 7444 4.41 3.02 792 —.134 200946
18 7431 .7469 4.40 3.53 .906 —.152 201266
19 .7431 7441 4.40 4.03 .955 —.149 201873
20 .7430 .7399 4.40 4.52 .996 —.147 3.02820
21 7429 7434 4.40 5.03 1.017 —.150 204310
22 7407 .7399 4.39 6.04 1.071 —.144 .06360
Run 22
23 0.7601 0.7605 4.40 x 108 —1.99 0.049 —0.123 20.00888
24 .7599 .7609 4.39 —.98 .203 —.129 200788
25 .7593 .7608 4.39 .01 352 -.134 200733
26 .7629 .7632 4.40 1.02 .508 —.139 a.00783
27 .7625 7591 4.40 2.01 .648 —.137 .00896
28 .7615 .7636 4.40 2.52 .743 —.149 2 01096
20 .7603 7611 4.39 3.02 .817 —-.153 201534
30 7632 .7635 4.40 3.51 .857 —.157 802720
31 .7618 .7638 4.40 4.02 .871 —.155 .03830

@ Extrapolated airfoil wake profile used.
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Table 1. Continued

Pt. My r My p R, a, deg cn Cm cq
Run 23
32 0.7471 0.7453 7.75 x 108 -2.01 0.023 —-0.113 20.00944
33 .7406 .7433 7.72 .02 312 —.123 .00896
34 7414 7424 7.73 1.03 454 -.123 .00909
35 7444 7442 7.75 2.03 .H88 —.121 .00979
36 7397 7405 7.67 3.04 764 —.126 .01067
38 7431 .7438 7.70 3.53 .858 —.136 201431
39 .7449 7443 7.71 4.02 .930 —.148 a,02140
40 7411 .7437 7.68 4.53 975 —.147 a 02890
41 .7437 .7454 7.73 5.02 947 —.136 .05530
Run 24
43 0.7656 0.7659 7.73 x 106 -2.01 0.014 —0.116 20.01166
44 7653 7649 7.73 -.99 179 —.123 2.00946
45 7641 .7667 7.72 0 - .322 —.127 .00922
46 .7634 .7666 7.71 1.01 474 —.131 .01026
47 .7635 .7644 7.74 2.01 625 —.136 .01113
48 7632 .7649 7.72 2.52 .703 —.139 .01408
49 .7632 .7658 7.73 3.02 762 —.143 .01940
Run 101
2 0.7596 0.7610 29.97 x 108 -0.99 0.1748 —-0.1248 0.00762
3 .7589 .7590 29.94 .03 3165 —.1268 .00762
4 7577 7570 29.91 1.04 4689 —.1321 .00810
5 7567 7567 29.95 2.03 .6051 —.1302 .00861
7 .7603 7621 30.01 2.53 6817 -.1339 .01079
8 7597 7574 30.01 3.02 .7436 —.1335 .01213
9 7599 7585 30.04 3.53 .8004 —.1359 301522
10 .7596 7572 30.03 4.04 .8586 —.1386 .01999
Run 102
1 0.7037 0.7027 29.96 x 106 —-2.02 0.0452 -0.1131 0.00710
2 .7004 6977 29.96 .01 .3079 —.1175 .00705
3 .7010 .6999 30.01 .04 .3109 —.1170 .00709
4 7004 .7017 29.99 1.01 4294 -.1171 .00717
5 .6986 6977 29.97 2.05 .5687 —.1189 .00736
6 6991 .7013 30.06 3.02 6919 —.1167 .00778
7 .6989 7032 29.98 3.12 .7108 —.1170 .00805
8 .7017 .7038 30.06 3.52 .7680 —.1151 .00898
9 .6987 6971 29.98 4.04 .8418 —.1123 .01081
10 .6982 .6971 29.97 4.54 .9128 —-.1089 .01494
11 7013 .6993 30.11 5.03 .9963 —.1091 .02190

4 Extrapolated airfoil wake profile used.
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Table I. Continued

0 00 o 11 i .

Pt. Wfoo)r My p R, a, deg Cn m ¢4
Run 103 '
12 0.7593 0.7595 13.98 x 196 —2.01 0.0256 —-0.1178 0.00960
13 .7589 7611 13.99 .99 1781 —.1227 .00853
14 7573 7541 13.97 .89 .1934 —.1227 .00847 F
15 7607 .7609 14.03 0 .3248 —.1276 .00869 %
16 .7584 7589 14.01 1.00 .4620 —.1281 .00918 £
18 7597 7614 14.03 1.12 4821 —.1299 (b) %
20 .7595 .7589 13.97 2.03 .6166 —.1310 (b) %
21 .7607 .7626 14.01 2.18 6424 —.1340 (b) =
22 7594 7600 | 14.00 2.54 7019 —.1386 (b) E
23 7587 7592 14.00 3.03 7690 —.1395 (b) %
24 7598 .7614 14.00 3.51 .8135 —.1433 (b)
25 .7610 7618 14.02 4.05 .8479 —.1367 (b)
26 7619 7643 14.03 3.98 .8261 —.1386 (b) =
27 7621 7653 14.04 4.01 .8247 —.1373 (b) %
) Run 104 =
28 0.7443 0.7447 14.07 x 108 —1.98 0.0290 —0.1164 30.00845 E
29 7412 7424 14.03 .02 3173 -.1224 (b) =
30 7414 7412 14.04 .03 3172 —.1220 .00815 =
31 7405 .7405 14.04 1.02 4535 —.1239 .00842 -
32 .7403 .7405 14.04 2.05 .5935 -.1226 a.00925 B
33 .7413 .7418 14.02 2.18 6171 —.1238 .00920
34 .7431 7434 14.01 2.51 .6716 —.1238 3.00954
35 7413 .7407 14.01 3.03 .7556 —.1242 & 01051
36 .7401 .7431 14.02 3.54 .8461 —.1320 2 01420 )
37 7392 .7406 14.03 4.03 9173 —.1357 (b) —
38 7391 .7352 13.89 4.55 9832 —.1395 (b) :
39 7389 7409 13.95 4.05 .9647 —.1399 (b)
Run 105
1 0.7702 0.7721 4.43 x 108 —-1.99 0.0414 —0.1242 (b)
2 7684 .7692 4.42 —1.00 .1901 —.1288 40.00716
: 3 7703 7711 4.41 .02 .3365 —.1335 00749
4 7707 7705 4.40 1.04 4841 —.1376 .00869 —
5 7694 7701 4.39 2.03 .6193 —.1371 .00977 _
6 727 7707 4.40 2.56 .6862 —.1402 01282
7 7719 7697 4.40 3.02 7390 —.1413 2 01518 -
8 7725 7714 4.40 3.51 7841 —.1418 (b) z
9 7714 .7692 439 4.02 .8358 —.1421 (b) _

& Extrapolated airfoil wake profile used.
b Insufficient data for evaluation of associated coefficient.
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Table 1. Continued

Pt. Moo Moo R. a, deg cn cm |
Run 107
10 0.7580 0.7607 4.41 x 108 -2.01 0.0451 -0.1227 20.00720
11 7571 .7598 4.41 —1.00 1893 1264 .00645
12 .7600 7607 4.42 .01 3275 —.1289 .00666
13 .7598 7579 4.42 1.00 .4616 —.1204 .00763
14 .7596 .7598 4.41 2.01 6042 -.1297 .00829
15 7625 .7641 4.42 2.50 .6820 —.1350 .00932
16 7594 .7605 4.41 3.01 .7509 —.1351 .01020
17 .7614 7604 4.42 3.50 7985 —.1350 201410
18 .7608 7628 4.41 4.00 .8465 —.1355 (b)
Run 108
19 0.6984 0.7012 4.40 x 108 —2.00 0.0576 -0.1142 0.00641
20 .7000 .7023 4.41 .01 3071 —.1167 300647
22 7005 .7005 4.40 1.00 .4290 —.1169 200674
23 .7005 7016 4.41 2.02 5471 —.1148 .00745
24 .6998 .7009 4.41 2.99 . .6616 —.1101 .00865
25 .7008 .7029 4.41 3.49 7325 —.1090 .00911
26 7012 7026 4.41 3.99 .8098 —.1078 .01057
27 .7018 .7031 4.41 4.50 .8932 —.1064 201400
28 7016 7011 4.40 4.99 9754 —.1073 201985
29 .6996 7007 4.41 6.02 1.1188 —.1121 03707
30 .6998 .7004 4.41 7.00 1.1717 —.1088 .05427
Run 109
31 0.6001 0.6014 4.41 x 108 —1.99 0.0597 —0.1042 0.00577
33 6007 .6013 4.42 .01 2903 -.1066 .00604
34 .5998 .6002 4.41 1.00 4017 —.1068 .00621
35 .5989 .5990 4.41 2.01 .5047 —.1044 .00708
36 .6006 .6021 4.41 2.99 .6153 —-.1040 .00779
37 .6010 .6019 4.42 3.49 6741 —.1046 .00840
39 .6004 .6013 4.42 4.00 .7310 —.1028 (b)
40 .5987 .5984 4.41 4.49 7797 —.1008 .00918
41 .5992 .5999 4.42 5.00 .8333 —.0977 .00961
42 5990 .5987 4.41 6.00 .9453 —.0891 .01252
43 .6016 6027 4.42 7.01 1.0706 —.0830 .01982
44 5995 .5998 4.41 8.00 1.1758 —.0778 .03227
Run 110
3 0.7730 0.7746 7.73 x 106 —1.98 0.0110 —0.1153 30.01265
4 7708 7713 7.72 -1.00 .1629 —.1238 .00929
5 7708 .7694 7.72 .01 3014 —.1252 .00901
6 7712 7792 7.70 1.01 4484 —.1294 .00996
7 7738 7637 7.70 2.01 .5970 —.1364 .01307
8 7708 .7693 7.68 2.53 6788 —.1389 .01547
9 711 .T687 7.69 3.03 .7407 —.1418 .02027
10 7713 7697 7.68 3.52 .7836 —.1429 .02527

a Extrapolated airfoil wake profile used.
b Insufficient data for evaluation of associated coefficient.



Table I. Continued

Pt. Hm,r My p R, o, deg Cn Cm c4
Run 111
11 0.7608 0.7613 7.72 x 106 -2.00 0.0169 -0.1166 0.00940 :
12 .7603 7617 7.71 —1.00 .1666 ~.1213 .00819 i
13 .7595 .7590 7.71 .01 3058 ~.1242 .00807 :
14 7624 7626 7.72 1.00 4482 -.1271 .00883 £
15 7610 7597 7.71 2.00 .5922 —-.1271 .00937 £
16 7642 .7632 7.73 2.51 6776 —.1325 .01216 =
17 .7624 .7616 7.72 3.00 7496 —.1369 .01491 =
18 7583 7622 7.70 3.50 .8123 —.1399 .01732 -
19 7590 7576 7.69 4.01 8756 —.1429 .02327 z
20 7593 7564 7.70 4.51 .9086 —.1407 .03198 =
Run 112 =
21 0.6989 0.6997 7.69 x 106 -2.01 0.0315 —0.1082 0.00805 =
22 7018 .7015 7.71 .01 .2946 —.1141 .00742 £
23 .7004 7012 7.70 1.01 .4166 —.1140 00763
24 .7000 .6999 7.70 2.01 .5445 —.1148 .00770 ]
! 25 .7027 .7030 7.70 3.02 .6765 —.1129 .00842 =
: 26 .7008 .7000 7.68 3.50 7454 -.1121 .00932 =
27 6971 6971 7.66 4.01 8112 —.1081 .01051 =
28 7014 7014 7.69 4.51 .8966 —.1068 .01457 =
29 7015 .7028 7.69 5.01 .9868 —.1089 .02069 =
30 .7008 .7000 7.69 6.02 1.1180 —.1117 .03828 =
Run 113
31 0.5989 0.6004 13.94 x 10¢ —1.98 0.0460 -0.1021 0.00741
32 .6039 .6030 14.04 0 .2810 —.1056 .00744
33 .6018 .6013 14.01 .99 .3922 —.1061 .00753
34 .6020 .6020 14.01 2.01 5138 - =.1071 .00762
35 .5993 .5962 13.96 3.00 .6319 —.1078 .00792
36 6011 .6000 13.99 4.01 .7502 —.1072 .00827
37 .6034 .6033 14.03 4.51 .8092 —.1059 .00855
38 .5990 .6005 13.96 5.01 .8586 —.1036 .00896
39 .6031 .6050 14.04 5.51 .9208 —.1010 .01014
40 .6027 .6015 14.03 6.02 9810 —.0954 .01210
41 .5991 .5995 13.97 7.02 1.0746 —.0883 .01941
42 .6020 .6056 14.02 8.01 1.1668 —.0753 03240
Run 114
43 0.7003 0.7005 13.99 x 106 -0.20 0.0373 —0.1111 0.00775
44 7001 .7003 13.99 .01 .2994 —.1153 .00766
45 .7004 .7018 14.00 1.01 .4289 -.1172 .00768
46 .6986 7004 13.97 2.01 5525 —.1159 .00806
47 7002 7010 13.99 . 3.01 .6863 —.1150 .00876 -
48 7013 7002 14.00 3.50 7561 —.1139 .00954
49 7000 .6979 13.99 4.01 .8273 —.1108 .01142
- 50 .7001 .7003 13.99 4.51 9142 —.1095 .01529
51 .6993 .6996 13.97 5.01 9885 —.1088 .02078
. 52 .7001 6981 13.99 6.03 1.1249 —.1121 .03975
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Table 1. Continued

Pt Mxr Mop R, a, deg Cn Cm cd
Run 115
1 0.7706 0.7695 30.00 x 108 —-2.00 0.0400 —-0.1228 0.01059
2 7709 7688 30.00 -1.00 .1905 —.1296 .00833
3 7714 7709 30.03 .01 3418 —.1353 .00879
4 7716 7747 30.02 1.01 4843 —.1411 .01043
5 7717 711 29.88 1.04 .4855 —.1392 .01020
6 7715 7711 30.00 2.03 .6283 —.1417 .01285
7 7735 7756 30.00 2.53 6822 —.1443 01712
8 7687 .7664 30.01 3.02 7532 —.1445 .01758
9 7721 7716 30.01 3.54 .7902 —.1452 .02329
Run 117
1 0.7609 0.7608 29.91 x 106 —1.98 0.0390 —0.1220 0.00878
2 7612 7622 30.00 —-1.00 .1881 —.1280 .00765
3 .7616 .7634 29.98 .01 .3342 —.1314 .00784
4 .7599 7588 29.97 1.01 4737 —.1325 .00746
5 7621 7631 30.03 2.03 6227 —.1347 .01015
6 .7629 .7632 30.05 2.53 7003 —.1399 .01139
7 .7597 7591 30.03 3.01 7648 —.1416 .01398
8 7599 .7645 29.99 3.52 .8105 —.1443 .01749
9 7594 7584 29.98 4.02 .8682 —.1435 .02083
10 .7608 .7594 29.96 4.53 9051 —.1419 .03016
Run 118
11 0.7419 0.7410 29.97 x 106 —-2.00 0.0472 —0.1203 0.00765
12 7397 7413 20.88 01 3298 —.1264 .00727
13 7411 7408 29.95 1.01 4701 —.1283 .00761
14 7384 7393 29.95 2.03 .6081 —.1268 .00799
15 .7442 7441 30.25 2.53 .6906 —.1275 .00862
16 7436 7441 29.88 3.01 .7661 —-.1293 .00992
17 7416 7418 29.86 3.51 .8363 —.1300 .01214
18 7407 .7392 29.94 4.03 .9061 —.1326 .01592
19 7383 7392 30.07 5.01 19912 —.1333 .02815
20 7433 7440 30.00 6.04 9772 —.1285 .06816
Run 119
21 0.6019 0.6026 30.00 x 106 -1.98 0.0612 —0.1043 0.00702
22 .6025 .6015 30.09 0 .2940 —.1079 .00670
23 .6022 .6024 30.09 1.00 4114 —.1090 .00680
25 .6026 .6035 30.04 2.02 5321 —.1098 .00681
26 .6006 .5969 29.99 3.00 .6469 -.1104 .00720
27 .6011 .5975 29.96 4.01 7661 —.1099 .00763
28 .6016 .6018 30.01 4.51 .8187 —.1068 .00804
29 .6013 .5982 29.95 5.01 .8764 —.1064 .00865
30 .6018 .6024 30.00 5.52 .9343 —.1015 .00973
31 6017 .6022 29.96 6.03 9978 —.0971 .01181
32 .6018 .6023 29.94 7.03 1.0959 —.0886 .02027
34 .6024 .6025 29.93 8.03 1.1772 —.0772 .03300
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Table I. Continued

Pt. Woo,r My p R, a, deg Cn cm ¢4
Run 120
36 0.7410 0.7426 30.00 x 108 -0.02 0.3328 —0.1262 0.00738
37 7428 .7451 29.94 2.53 .6858 —.1257 .00873
38 7397 7402 29.93 3.02 7647 —.1264 .00936
39 7425 7452 30.01 3.52 .8523 —.1357 .01287
40 7392 .7397 29.88 4.04 .9088 —.1338 01602
o Run 121
41 0.5027 0.5021 30.04 x 106 -2.01 0.0604 —-0.0979 0.00685
42 .5025 5031 30.00 0 .2804 —.1005 .00668
43 .5022 .5013 30.03 2.00 .5000 -.1030 .00678
44 .5021 .5008 30.05 3.00 .6090 —.1039 .00705
45 .5019 .5001 30.16 4.01 .7207 —.1042 .00748
46 .5020 .5011 30.08 4.50 7706 —.1033 .00760
47 .5021 5021 30.06 5.01 .8266 —.1030 .00789
48 .5024 5027 30.05 5.51 .8858 —.1041 .00832
49 .5022 .5033 30.02 6.00 .9276 —.1011 .00862
50 .5025 .5008 30.04 7.00 1.0214 —.0961 .01015
51 .5025 5023 30.04 8.01 1.0847 —.0850 .01534
52 .5025 5012 30.04 8.98 1.1370 —.0757 .02519
Run 122 '
54 0.7021 0.6994 42.10 x 106 0.01 0.3190 -0.1190 0.00684
55 7018 7012 42.09 1.02 .4538 —.1212 .00699
56 7020 .7006 41.93 2.01 .5869 —.1229 .00724
57 .6981 .7001 41.87 3.07 7202 —.1186 .00788
58 .7020 7033 42.07 4.02 .8672 —.1144 01173
59 .7032 .7053 42.12 3.52 7961 —.1180 .00920
Run 123
60 0.7420 0.7423 42.08 x 108 -2.02 0.0494 -0.1213 0.00746
61 7417 7420 42.07 .02 .3388 —.1275 .00721
62 7424 7384 42.09 1.02 .4749 —.1281 .00760
64 .7370 7355 42.11 2.05 .6192 —.1286 .00805
Run 124
65 0.7637 0.7607 42.12 x 108 —-2.07 0.0300 —0.1221 0.00958
66 .7606 .7619 42.02 —.98 1978 —.1291 00775
67 .7627 7645 42.07 .02 .3486 —.1346 .00797
' Run 125
69 0.7735 0.7725 13.95 x 108 —2.00 0.0268 -0.1191 0.01195
70 .7700 7703 13.96 -.98 .1834 —.1262 .00911
71 .7697 7706 13.99 .02 .3368 —.1320 .00929
72 7697 .7692 14.00 1.01 4751 —.1343 .01076
73 7707 7757 14.01 2.02 6217 —.1385 & 01380
74 .7691 .7695 14.00 - 2.52 .6939 —-.1412 .01694
75 7714 .7638 14.01 3.02 .7546 -.1409 .02457
76 .7658 .7658 13.96 3.51 .7998 —.1410 .02586
77 7726 7740 14.03 1.51 .5516 —.1389 01256

& Extrapolated airfoil wake profile used.



Table I. Continued

Pt. Moo s Mo p R, a, deg Cn cm cd
Run 126
78 0.7601 0.7626 7.73 x 108 0.01 0.3174 —0.1226 0.00922
79 .7681 1677 7.80 2.03 .6097 —.1324 301211
81 7572 7570 7.71 2.51 6628 —.1254 .01126
82 7617 .7610 7.74 3.00 7455 —.1345 .01645
83 7582 7604 7.65 2.01 5911 —.1264 .01014
Run 127
1 0.7683 0.7695 14.04 x 108 0.01 0.2995 -0.1260 0.00905
2 7708 7713 14.05 1.58 5225 —.1304 .01125
3 7693 7711 14.01 2.04 .5997 —.1351 .01166
4 7733 7695 14.04 2.52 .6696 —.1385 .01686
5 7743 7760 13.98 3.02 7126 —.1419 .02220
Run 128
6 0.7401 0.7401 13.98 x 108 0.03 1 0.3134 —-0.1226 0.00821
7 .7403 7374 13.98 2.50 .6470 —.1224 .00949
8 7425 .7439 13.99 3.02 7368 —.1239 .00999
9 7412 .7387 13.99 3.52 .8037 —.1202 .01184
10 .7435 .7400 14.02 4.01 .8810 —.1274 .01653
Run 129
11 0.5998 0.5994 14.00 x 106 0.02 0.2828 -0.1061 0.00747
12 .6014 .6008 14.04 2.01 5136 -.1071 00777
13 6058 .6040 14.10 4.01 7394 —.1051 .00833
14 .6007 .6054 14.03 5.51 .9200 —.1009 .01036
15 .5990 .6001 14.00 5.00 .8642 —.1051 .00914
16 .5976 5971 13.98 6.02 .9666 —.0964 .01204
Run 130
17 0.5001 0.5016 7.65 x 106 —1.98 0.0493 —0.0948 0.00790
18 4987 .4984 7.70 0 .2659 —.0976 .00776
19 .5003 4987 7.73 .98 3745 —-.0990 .00790
20 .5005 .4994 7.73 2.00 4834 —.1000 .00763
21 .5003 .5003 7.73 3.00 .5920 —.1011 .00793
22 5010 .4993 7.73 4.00 .7014 —.1012 .00830
23 .5009 .4994 7.74 4.50 7489 —.1005 .00848
24 .5006 .4992 7.73 5.00 .8041 —.1007 .00885
25 5018 .5000 7.75 5.49 .8620 —.1011 .00902
26 .5022 5018 7.75 6.01 9115 —.0994 .00931
27 .5021 .5016 7.73 7.01 1.0024 —.0923 .01110
28 .5023 .5006 7.75 8.00 1.0634 —.0811 .01563
29 5027 .5041 7.76 9.01 1.1097 —.0711 .02338
30 .5029 .5006 7.76 10.16 1.1406 —.0616 .03890

a Extrapolated airfoil wake profile used.
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Table I. Continued *

Pt. Mooy Moo p R, a, deg cn Cm cq
Run 131
31 0.7015 0.7021 7.71 x 106 0.02 0.2978 —0.1139 0.00835
32 7004 .6996 7.71 2.01 .5490 —.1152 .00860
33 .7007 .6988 7.71 3.01 6797 —-.1143 .00908
34 .7007 7011 7.71 3.50 7466 —.1117 .00993 -
35 7006 .6993 7.71 4.00 .8208 —.1099 01190
36 .7006 .6988 7.71 4.51 .9024 —.1081 01563 B
Run 132 =
37 0.7024 0.7021 4.43 % 106 0.02 0.3172 —0.1194 0.00603 =
38 7027 .7036 4.44 2.01 5515 —.1172 00775 s
39 .7006 7023 4.41 3.00 .6661 —.1119 .00850 E
40 .6990 6995 4.41 3.49 7312 —.1101 .00909 =
. 41 .6983 .6983 4.41 3.99 .8043 —.1080 01048 -
42 7011 .7011 4.42 4.50 8911 —-.1077 .01461 -
| Run 133 =
43 0.7017 0.7015 22.03 x 106 —1.98 0.0290 —0.1106 0.00734 =
% 44 7014 7033 22.04 .03 .2977 —.1170 .00736 -
45 .6994 .7002 22.01 1.02 4265 —.1184 .00757
46 .6981 .6939 21.98 2.03 5542 —.1190 .00779 =
47 .7010 .7036 22.02 2.05 5567 —.1182 .00778 =
48 7007 .6985 22.02 3.03 .6888 —.1178 .00832 =
49 .6968 6970 21.96 3.53 7502 —.1140 .00894
50 .7009 7017 22.05 4.05 .8313 —.1122 01151
i 51 7013 7029 22.05 4.52 9183 —.1115 .01564
! 52 7011 .6989 22.05 5.04 1.0002 —.1116 02201
53 7005 7001 22.03 6.03 1.1232 —.1163 .03848 —
: Run 134 —
: 57 0.7416 0.7424 22.01 x 106 0.02 0.3260 —0.1261 0.00778 o
58 7416 7444 22.02 1.01 4633 —.1280 .00810
59 7422 7437 22.05 2.02 6036 —.1285 .00871
60 .7423 7439 22.03 2.51 6806 —.1278 .00910
61 7397 .7406 21.99 3.01 7472 —.1248 .00970
- 62 .7408 7408 22.08 3.52 8342 —.1307 .01210 B
: 63 .7394 7417 21.99 4.01 .9040 —.1351 .01606
64 .7380 .7406 21.88 5.01 .9946 —.1388 .02865 -
Run 135 -
2 0.6982 0.6981 42.12 x 108 3.56 0.7707 —-0.1165 0.00859
; 3 7025 7033 4245 3.99 .8456 —.1141 301113 -
4 7008 .6986 42.15 4.52 .9229 —.1123 .01475 -
. 5 7017 .7002 42.39 5.04 1.0071 —.1125 .02170 -

# Extrapolated airfoil wake profile used. -
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Table 1. Concluded

Pt. Hoo,r Myp R, a, deg Cn Ccm cd
Run 136
6 0.7406 0.7421 4222 x 108 2.00 0.6032 —0.1281 0.00790
7 7409 .7420 42.33 2.52 6775 —.1268 .00816
9 .7403 7388 42.16 3.02 . .7584 —.1272 .00881
10 .7385 7380 41.52 3.51 .8301 —-.1293 .01029
11 .7388 7414 41.74 4.00 .8968 —.1341 .01457
Run 137
12 0.7620 0.7645 42.34 x 108 -0.99 0.1975 —0.1313 0.00752
i3 7635 .7639 42.23 0 .3434 —.1361 .00802
14 7629 7605 42.30 1.02 4847 —.1371 2.00914
15 .7580 7572 41.35 2.05 .6340 —.1366 .00954
16 7590 .7546 40.89 2.53 7092 —.1395 .01168
Run 138
18 0.7719 0.7710 42.10 x 106 —-1.01 0.1892 —0.1326 0.00854
19 .7698 7691 42.04 0 .3470 —.1390 .00866
21 7693 7670 42.08 1.02 .4945 —.1427 .01031
22 7693 7693 41.49 1.54 .5674 —.1442 .01035
23 .7682 .7663 41.18 2.02 .6393 —.1469 .01184

a Extrapolated airfoil wake profile used.




R, Hoo,'r a :
Run 1 :
4.4 % 10° 0.7393 0.0027
7390 .0024 £
7390 .0023
7393 .0022 F
.7391 .0020 =
7392 .0019 =
7386 .0020 =
7391 .0022 -
7393 0047 =
7389 0022 =
7389 .0027 =
7388 .0024 =
Run 6 £
33 7.7 x 106 0.7437 0.0022 =
34 7437 .0026 =
35 7437 0022 =
36 7433 0031 =
37 7437 .0020 =
38 7434 .0023 =
39 7432 .0029 z
40 7434 .0029 E
42 l 7436 .0024
Run 14 '
11 14.0 x 105 0.7429 0.0022
12 7432 .0018
13 7433 .0019
: 14 7432 .0024
: 15 7431 .0019
. 16 7429 .0022
i 17 7432 .0019
18 7434 .0025
) 19 7431 .0026
20 1 7432 0025
- Run 102 }
1 30.0 x 106 0.7037 0.0018
2 .7004 .0017
3 7010 0017
4 7004 .0014
5 .6986 .0019
6 6991 .0017
7 .6989 .0016
8 7017 .0023
9 6987 .0020
10 .6982 0016
11 | 7013 .0018
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Table II. Continued

Pt. R, Hoo,r leg
I 30.0 x 10° 0.7706 0.0016
2 7709 0017
3 7714 0013
4 7716 0022
5 7717 0019
6 7715 0017
7 7735 0021
8 7687 0020
9 l 7721 0022
1 30.0 x 10° 0.7609 0.0017
2 7612 0012
3 7616 0014
4 7599 0018
5 7621 .0020
6 7629 0021
7 7597 .0020
8 7599 .0023
9 7594 0019
10 ! 7608 0023
30.0 x 106 0.7419 0.0022
7397 0016
7411 .0019
7384 0018
7442 0022
7436 0017
7416 0017
7407 0019
7383 0021
7433 0027
30.0 x 10° 0.6019 0.0006
6025 .0008
6022 .0006
6026 .0006
.6006 0014
6011 0021
6016 0014
6013 0015
6018 0016
6017 0017
6018 0016
! 6024 0015
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Table II. Concluded

Pt.

,RC

Moo r o
Run 120
36 30.0 x 10¢ 0.7410 0.0008
37 .7428 .0019
38 7397 0017
39 7425 0017
40 J .7392 .0024
Run 121
41 30.0 x 108 0.5027 0.0006
42 .5025 .0006
43 .5022 .0006
44 .5021 .0005
45 .5019 .0007
46 .5020 .0010
47 .5021 .0015
48 5024 .0012
49 0022 .0010
50 .5025 .0013
51 .5025 .0011
52 J .5025 .0014
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(a) Photograph.
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(b) Schematic drawing.

Figure 1. Elevation view of 0.3-Meter Transonic Cryogenic Tunnel with two-dimensional test section

installed.
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Figure 2. Photograph of model in two-dimensional test section.
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Figure 3. Reynolds number capability of two-dimensional test section of Langley 0.3-Meter Transonic
Cryogenic Tunnel.
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Figure 4. Schematic drawing of major components inside two-dimensional test section.
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ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

i

R )

sl P

(a) Airfoil installed in turntable module.

Figure 6. Details of Boeing TR77 airfoil model.

L-83-6237
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(b) Schematic drawings of airfoil.

Figure 6. Concluded.
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Rg x 108

Rg x 106

50,

40 |—
_ Transition
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B - ) ° e o o
10 p—
O @ ®@ ® @
B ® ® O e
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(a) First entry.
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B Transition
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30— O O O 00O
20 — O O

B O O O 0O
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O O o0

B O O ole)
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5 .6 7
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(b) Second entry.

Figure 8. Airfoil tet program for Boeing TR77 model.
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(a) Run 8.

- Figure 9. Tunnel Mach number variation on test point.
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Figure 9. Continued.
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(b) My, = 0.70.

Figure 10. Variagion of drag coeflicient with span for constant normal-force coefficient. Free transition;
R, =30 x 10°,
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Figure 10. Concluded.
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Figure 21. Effect of Mach number on variation of trailing-edge pressure coefficient with normal-force
coefficients. Fixed transition.
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Figure 22. Effect of transition and Mach number on variation of pitching-moment and normal-force
coefficient with Reynolds number. o = 2°.
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Figure 23. Effect of Reynolds number on variation of normal-force curve with Mach number.
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t with Reynolds number for two constant normal-force coefficients.
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Figure 26. Effect of Reynolds number on variation of drag coefficient with Mach number.
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Figure 27. Effect of Reynolds number on drag-divergence Mach number characteristics. Free transition.
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Figure 28. Effect of Reynolds number on variation of ratio of normal force to drag with Mach number.
Free transition.
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Figure 29. Performance map for TR77 airfoil model. Free transition; Rc = 30.0 x 10%; second-entry data.
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